Peroxisome proliferator-activated receptor ␥ coactivator-1 ␣ (PGC-1 ␣ ) plays a vital role in mitochondrial biogenesis and bioenergetics ( 1-3 ). PGC-1 ␣ is responsive to numerous metabolic signals and can mediate the effects of a myriad of extracellular and physiological cues on broad and powerful genetic programs (see Ref. 4 for a recent review). Overexpression of PGC-1 ␣ in cardiac cells induces expression of hundreds of genes encoding key enzymes for all major metabolic pathways that regulate high-effi ciency ATP production in the mitochondrion ( 4, 5 ). These target genes include numerous subunits of complexes I to IV, ATPase complexes, all eight enzymes of the citric acid cycle, enzymes in fatty acid ␤ -oxidation as well as fatty acid transport proteins and lipases responsible for turnover of the intracellular triacylglycerol pool, and those genes mediating metabolism of lactate and ketone bodies. In addition, constitutive overexpression of PGC-1 ␣ in mouse myocardium triggers profound mitochondrial biogenesis ( 6 ). On the other hand, PGC-1 ␣ knockout (PGC-1 ␣ Ϫ / Ϫ , KO) mice exhibit impaired bioenergetics, moderate defects in cardiac function, and reduced cardiolipin levels, which are markedly worsened by hemodynamic and metabolic challenges ( 7-10 ). The PGC-1 ␣ Ϫ / Ϫ mice also exhibit reduced skeletal muscle mitochondrial number and respiratory capacity (e.g., state 3 respiration rates), leading to compromised muscle performance and exercise capacity at around 6 months of age. PGC-1 ␣ has emerged as a molecular link between transcriptional dysregulation and neurodegeneration ( 11, 12 ) . 
PGC-1 ␣ Ϫ / Ϫ mice, which show neurodegenerative le sions in their striatum ( 14 ) . Furthermore, recent studies with human postmortem brain samples and Tg2576 Alzheimer's disease (AD) mouse neurons have revealed that brain PGC-1 ␣ expression decreases in individu als with AD as a function of dementia ( 15 ) . However, the causal factor as well as sequela of this correlation remains unknown.
oxygen species (ROS) and neurodegeneration through induction of many ROS-detoxifying enzymes (e.g., GPx1 and SOD2) ( 13 ) . PGC-1 ␣ Ϫ / Ϫ mice display many phenotypic similarities to transgenic mouse models of Huntington's disease and the gene expression analysis of tissues from Huntington's disease patients revealed a disruption of the PGC-1 ␣ regulatory pathway ( 7, 8 ) . This phenotype has recently been demonstrated in neuronal Fig. 1 . Global shotgun lipidomic analysis reveals a depletion of sulfatide content in the cortex of PGC-1 ␣ knockout mice. Mass spectrometric analysis reveals a signifi cant decrease of mass levels of sulfatide species in cortices of PGC-1 ␣ KO mice (B) compared with WT mice (A) at 24 months of age. All assigned sulfatide species were identifi ed by tandem mass spectrometric analysis. N16:0 sulfatide at m/z 778.5 was used as an internal standard (5 nmol/mg protein). A signifi cant reduction of sulfatide content was also determined in cortices of PGC-1 ␣ KO mice compared with WT mice (C). Values represent the mean sulfatide content (nmol/mg protein) ± SE (n = 3-4 cortices per group). Statistical analysis was performed with a two-tailed Student t -test; * P < 0.05.
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humane treatment of animals and were reviewed and approved by the Animal Studies Committee of Washington University. The generation and initial characterization of PGC-1 ␣ Ϫ / Ϫ mice has been described previously ( 8 ) . PGC-1 ␣ Ϫ / Ϫ and wild-type (WT) mice were fed a standard chow and water ad libitum, unless otherwise noted. Mice that were calorically restricted 33% from their standard food intake were fed a restricted diet at 2 months of age. Mice were euthanized at 5 and 24 months of age under both ad libitum and calorically restricted conditions, and the cortex was dissected and immediately frozen in liquid nitrogen.
Lipid analysis with MDMS-SL
Lipids were extracted from dissected cortical gray matter by a modifi ed Bligh and Dyer method as previously described ( 25 ) . Internal standards for quantifi cation of individual molecular species of lipid classes were added prior to lipid extraction ( 25 ) . MDMS-SL analyses were performed with a QqQ mass spectrometer (Thermo Fisher TSQ Quantum Ultra) equipped with an automated Nanomate device (Advion Biosciences) and operated under Xcalibur software as previously described ( 26, 27 ) . Identifi cation and quantifi cation of lipid molecular species were performed using automated software as previously described ( 24 ) . To accurately analyze low abundance sphingolipid species, an aliquot of each lipid extract based on 0.5 mg protein of original brain sample was taken, and alkaline methanolysis was conducted to enrich sphingolipids and remove phospholipids from the extract as previously described ( 28 ) .
Western blot analysis of WT and PGC-1 ␣ ؊ / ؊ cortices
Protein concentration of homogenized cortices was determined by the BCA protein assay using BSA standards (Pierce, Thermo Fisher Scientifi c). Total protein (10 g) was loaded on 4-15% Tris-HCL Gel system (Bio-Rad Laboratories) and analyzed by electrophoresis. Proteins were transferred to an immobilon™-P membrane (Millipore) for 2 h at 80 V at 4°C. The immobilon™-P membrane was then washed with Tris-buffered saline (TBS) and blocked with 5% nonfat powdered milk in TBS with Tween 20, pH 7.6 for 1 h. Primary antibodies used were diluted as follows: myelin basic protein (MBP, 1:500, Millipore, MAB386); proteolipid protein (PLP, 1:4000, Novus Biological, NB100-74503); myelin-associated oligodendrocyte basic protein (MOBP, 1:1000, Santa Cruz, P18); glyceraldehydes 3-phosphate dehydrogenase (GAPDH, 1:2000, Santa Cruz, FL-335); cerebroside sulfotransferase (CST, 1:500, Sigma, HPA001220); arylsulsulfatase A (ASA, Our previous studies have showed that i ) the content of sulfatide (a class of myelin-specifi c sphingolipid) is dramatically depleted at the earliest clinically recognizable stages of AD (mild cognitive impairment ) in both postmortem brain ( 16, 17 ) and freshly collected cerebrospinal fl uid of AD patients compared with age-matched cognitively normal controls ( 18 ) ; ii ) the sulfatide content in the central nervous system is modulated by apolipoprotein E (apoE) in an isoform-dependent manner through the same metabolic pathways that regulate apoE-associated particles ( 19 ) ; and iii ) apoE mediates sulfatide depletion in mouse AD models ( 20, 21 ) .
Following these lines of evidence that PGC-1 ␣ levels and apoE-mediated sulfatide levels are both associated with AD dementia, we reasoned that PGC-1 ␣ might infl uence the brain sulfatide levels and that altered energy expenditure might have an impact on sulfatide homeostasis, which might involve apoE metabolism. Accordingly, we conducted lipidomic analysis of brain cortices of PGC-1 ␣ Ϫ / Ϫ mice with and without caloric restriction (CR) by using our multidimensional mass spectrometry-based shotgun lipidomics (MDMS-SL) platform (22) (23) (24) to interrogate the linkages among apoE, PGC-1 ␣ , and sulfatide. We found that i ) sulfatide is remarkably and specifi cally reduced in PGC-1 ␣ Ϫ / Ϫ mouse cortex, which appears modulated through a PGC-1 ␣ -MAL pathway; ii ) apoE-mediated sulfatide metabolism is independent of PGC-1 ␣ ; and iii ) chronic CR restores normal cortical sulfatide levels in PGC-1 ␣ Ϫ / Ϫ mice, which appear mediated through a liver X receptor (LXR)/retinoid X receptor (RXR)-apoE pathway. Collectively, the current study reveals a new mechanism responsible for sulfatide homeostasis, which might contribute to the sulfatide depletion in AD. Our results indicate that chronic CR might be a useful therapeutic strategy for reduction of dementia prevalence.
MATERIALS AND METHODS

Animals studies
The protocols for animal experiments were conducted in accordance with the National Institutes of Health guidelines for ( Fig. 2 ) by densitometry followed by statistical analysis. These results indicate that the loss of sulfatide content was unlikely due to the loss of myelin or the effects of dysregulation of the major myelin proteins induced by PGC-1 ␣ ablation.
Expression level of enzymes involved in sulfatide metabolism were unchanged in PGC-1 ␣ ؊ / ؊ mice compared with wild-type mice Next, we determined the mass content of the key enzymes that are involved in sulfatide biosynthesis and degradation. Sulfatide is synthesized by transferring a sulfate group from 3 ′ -phosphoadenosine-5 ′ -phosphosulfate to galactosylceramide (i.e., cerebroside) by the enzyme cerebroside sulfotransferase (CST) following the transport of cerebroside into the Golgi. Degradation of sulfatide involves two proteins saposin B (Sap B) and arylsulfatase A (ASA). Sap B (a coenzyme for ASA hydrolysis of sulfatide) ( 32 ) acts to transport sulfatide from lipoprotein particles, carrying sulfatide to ASA, which hydrolyzes the sulfate group in lysosome. Western blot analysis of CST, ASA, prosaposin (the precursor protein for Sap B), and Sap B revealed no changes in the overall content of these proteins by densitometry followed by statistical analysis, suggesting that the decrease in sulfatide mass levels was not due to a dysregulation of the proteins involved in sulfatide biosynthesis and degradation ( Fig. 3 ) . Furthermore, the unchanged mass levels of both ceramide and cerebroside in PGC-1 ␣ Ϫ / Ϫ mouse cortex as determined by MDMS-SL (see above) indicate that other biosynthesis and degradation pathways that may be associated with sulfatide mass levels are not perturbed due to PGC-1 ␣ ablation.
Cortical MAL expression was decreased in the PGC-1 ␣ ؊ / ؊ mice
It is well known that myelin and lymphocyte protein (MAL) is associated with formation of microdomains in as cerebrosides and sphingomyelin, were detected. For example, the total content of 27 sphingomyelin species determined was 22.9 ± 2.5 and 23.6 ± 3.9 nmol/mg protein present in WT and PGC-1 ␣ KO cortex, respectively. An MDMS-SL sphingolipidomics approach utilizing lithium methoxide treatment was employed to enrich, enhance, and confi rm the decrease of sulfatide ( Fig. 1A , B ) . This approach removed all ester-linked lipids from each individual lipid extract by alkaline methanolysis followed by back extraction. Overall, there was 35% reduction in sulfatide mass content in all sulfatide molecular species in the cortices of PGC-1 ␣ Ϫ / Ϫ mice compared with that in WT mice. Analysis of 5-month-old mice also revealed a 30% decrease in sulfatide content in the PGC-1 ␣ Ϫ / Ϫ mice compared with WT mice ( Fig. 1C ) , suggesting that PGC-1 ␣ ablation, which results in an altered metabolic environment in the brain, alters sulfatide homeostasis.
Depletion of sulfatide content in PGC-1 ␣ ؊ / ؊ cortex was not associated with cortical myelin proteins
To identify the causal factors responsible for deficiency in sulfatide levels in cortex induced by PGC-1 ␣ ablation, we fi rst examined the expression levels of various 1C ). Chronic caloric restriction alleviated the depletion of sulfatide in PGC-1 ␣ KO mice, closer to the cortical sulfatide content in WT mice fed a standard diet (AL). Data represent mean ± SE (nmol/mg protein) averaged from those of at least three separate animals. Statistical signifi cance was determined by a two-tailed Student t -test; * P < 0.05. myelin membranes and sulfatide traffi cking (33) (34) (35) (36) . Thus, Western blot analysis of the protein expression of MAL was next performed to determine the altered expression levels of MAL in PGC-1 ␣ Ϫ / Ϫ mouse cortex, and it revealed a signifi cant decrease in the null mouse cortex compared with that in WT mice at both 5 months ( Fig. 4A , B ) and 24 months ( Fig. 4C, 4D ) of age. These results indicate that ablation of PGC-1 ␣ results in a signifi cantly decreased sulfatide biosynthesis and degradation, as well as MAL by Western blot analyses, and we did not observe any significant mass level changes of these proteins (e.g., Fig. 4 ). Our previous studies showed that the expression as well as haplotype of apoE has a close association with sulfatide homeostasis ( 20, (37) (38) (39) . Additionally, it has been found that long-term CR can lead to alterations in the expression of apoE in brain ( 40 ) . Thus, we examined by Western blot analysis the expression of apoE in the cortex of 5-and 24-month-old WT and PGC-1 ␣ Ϫ / Ϫ mice that were calorically restricted from 2 months of age compared with mice that were fed ad libitum standard diet. We found that apoE expression was not changed in mice calorically restricted for 3 months ( Fig. 6A ) . However, the expression of apoE was approximately 40% lower in both WT and PGC-1 ␣ Ϫ / Ϫ mice that were calorically restricted for 22 months than that it was in age-matched, ad libitum-fed mice ( Fig. 6B,  C ) . These results indicate that long-term CR, but not shortterm, can lead to a reduction of apoE expression in mouse cortex, which is suffi cient to account for the increased mass levels of sulfatide, particularly in PGC-1 ␣ Ϫ / Ϫ mice.
DISCUSSION
In addition to the vital role of PGC-1 ␣ in mitochondrial biogenesis and bioenergetics ( 1-3 ), PGC-1 ␣ is also associated with energy balance, lipid homeostasis, and numerous neurological functions ( 4, 9, 14 ) . In the current study, we aimed to identify the altered cortical lipids induced with PGC-1 ␣ ablation. By using a global lipidomic analysis approach (i.e., MDMS-SL) ( 23, 24 ) , we uncovered the signifi cant reduction of cortical sulfatide mass in PGC-1 ␣ Ϫ / Ϫ mice relative to their WT littermates. We examined all the pathways that are involved in sulfatide metabolism, traffi cking, and homeostasis, including proteins linked to the integration of sulfatide-containing membrane (i.e., numerous myelin proteins), enzymes connected with sulfatide biosynthesis and degradation (i.e., CST, ASA, prosaposin, and Sap B), and proteins associated with expression level of MAL protein, which could lead to the selected defi ciency in sulfatide content based on the function of MAL protein (33) (34) (35) (36) .
In addition, we further assessed the mass levels of MAL in cortices of WT and PGC-1 ␣ Ϫ / Ϫ mice that were calorically restricted for 3 and 22 months (see below). Western blot analysis revealed that CR did not induce any changes of MAL content in either WT or PGC-1 ␣ Ϫ / Ϫ mouse cortex ( Fig. 4 ) . This result indicates that MAL is not involved in the altered sulfatide homeostasis induced with chronic CR (see below).
Chronic caloric restriction attenuates the loss of sulfatide cortical content in PGC-1 ␣ ؊ / ؊ mice
To investigate the relationship of energy intake with PGC-1 ␣ expression, we calorically restricted WT and PGC-1 ␣ Ϫ / Ϫ mice 33% from their standard food intake at 2 months of age for a short term (3 months) and a long term (22 months), and we examined the effects of CR on sulfatide homeostasis in the mouse cortices. MDMS-SL analysis revealed a signifi cant attenuation of the loss of sulfatide content in PGC-1 ␣ Ϫ / Ϫ mice compared with that in WT mice after 22 months of CR ( Fig. 5A , B ) . CR for 22 months also caused a slight increase in sulfatide content in WT mouse cortex, which is not signifi cant compared with that in WT mice fed a standard diet ad libitum ( Fig. 5C ) . Furthermore, short-term CR did not alter the decrease in sulfatide content in PGC-1 ␣ Ϫ / Ϫ mice compared with WT mice ( Fig. 5C ) . Thus, it appears that long-term CR attenuates the decreased sulfatide to levels near WT mice fed a standard diet ad libitum for 24 months ( Fig. 5C ). It is worth noting that the mass levels of all other lipid classes and molecular species determined with MDMS-SL were not affected signifi cantly with CR for 22 months.
ApoE expression was decreased in the cortex during chronic caloric restriction
To underpin the biochemical mechanism(s) responsible for the CR-induced sulfatide regulation, we determined mass levels of myelin proteins, enzymes involving Fig. 6 . Chronic long-term caloric restriction, not short-term caloric restriction, decreases apoE expression in mouse cortices. Expression levels of apoE in the cortices of WT and PGC-1 ␣ KO mice under AL or CR conditions at 5 months (A) and 24 months (B) of age were determined by Western blot analysis (see Materials and Methods ). Expression of apoE was decreased by 40% under CR in both WT and KO mice at 24 months of age, but it was not changed at short-term CR, compared with WT and KO mice fed AL (C). Values represent the mean ratio of apoE expression levels in mouse cortices after normalization to the loading control GAPDH from four separate animals. Statistical signifi cance was determined by a two-tailed Student t -test compared with that of WT mice under AL conditions; ** P < 0.01. (48) (49) (50) (51) ]. Severe myelin developmental abnormalities, myelin sheath degeneration, and signifi cant increases in the deterioration of nodal/paranodal structures are manifest in sulfatide-defi cient mice generated by nulling CST ( 52 ) . Importantly, we and others have found a substantial loss of sulfatide content in postmortem brain tissues of patients with Alzheimer's disease relative to cognitively normal individuals ( 16, 17, 53 ) . Accordingly, the discovery of the link between PGC-1 ␣ and sulfatide homeostasis is of importance in two aspects. First, PGC-1 ␣ can play a major role in neuronal functions through modulation of sulfatide mass levels in addition to its role related to mitochondrial functions, indicating that PGC-1 ␣ is a connection node of metabolism in regulation of neurological functions. Second, PGC-1 ␣ could be one of the causal factors for sulfatide depletion in AD as evidenced by the fact that brain PGC-1 ␣ expression decreases in individuals with AD as a function of dementia ( 15 ) .
Because of the role of PGC-1 ␣ in energy homeostasis, we also investigated the infl uence of changed energy expenditure (i.e., CR) on PGC-1 ␣ -induced brain lipid homeostasis. MDMS-SL analysis demonstrated the restoration of the reduced sulfatide mass in PGC-1 ␣ mouse cortex after chronic CR without alterations in content and/or composition of other lipid classes. Mechanistic studies revealed that only the decreased apoE mass levels induced by chronic CR could account for the increased mass levels of sulfatide in both PGC-1 ␣ Ϫ / Ϫ and WT mouse cortices, as our previous studies showed that apoE can modulate brain sulfatide content ( 19 ) . Intriguingly, our studies also revealed that chronic CRinduced apoE mass level changes are independent of PGC-1 ␣ , because the decreased mass levels of apoE induced by chronic CR are essentially identical in both PGC-1 ␣ Ϫ / Ϫ and WT mouse cortices ( Fig. 6 ) . We recognized an outcome that the increase in mass levels of sulfatide in PGC-1 ␣ Ϫ / Ϫ mice induced by chronic CR is much larger than that in WT mice. This is more likely due to the fact that sulfatide mass content is strictly controlled, and both higher and lower mass levels of sulfatide are linked with pathological conditions [i.e., metachromatic leukodystrophy ( 46, 47 ) and AD ( 16 ), respectively]. Our fi nding that chronic CR modulates cortical sulfatide mass content through reduction of the apoE metabolism pathway is of importance in two respects. First, our results suggest that sulfatide homeostasis can be maintained through PGC-1 ␣ and/or LXR/RXR nuclear receptors, indicating a connection of energy metabolism and lipid homeostasis. Second, dietary control may be a therapeutic approach for a secondary treatment of sulfatide-associated neuropathological conditions. It has been identifi ed that apoE expression is mediated by LXR/RXR ( 54 ), likely through ATP-binding cassette transporter ABCA1 ( 55, 56 ) and interaction with peroxisome proliferator-activated receptors (PPAR) (57) (58) (59) (60) .
sulfatide transport (i.e., MAL and apoE). We found that the PGC-1 ␣ -mediated MAL pathway is the key factor for the reduced sulfatide mass in PGC-1 ␣ Ϫ / Ϫ mice. Intriguingly, previously published microarray analysis of the PGC-1 ␣ Ϫ / Ϫ mouse cortex revealed an increased expression of MAL gene level (Gene Expression Omnibus GDS2391) compared with WT cortex ( 41 ) . This increased gene expression in combination with the lower protein expression of MAL found in the PGC-1 ␣ Ϫ / Ϫ mice strongly suggests an increased turnover rate of MAL, which suffi ciently leads to the defi ciency in sulfatide content. Collectively, one of the fi ndings in the current study is the uncovering of PGC-1 ␣ -linked, MAL-mediated sulfatide homeostasis. Sulfatide is a class of sulfated galactocerebroside (i.e., cerebroside) ( Fig. 3 ) that mediates diverse biological processes (42) (43) (44) (45) . Sulfatides are almost exclusively synthesized by oligodendrocytes in the CNS and are present predominantly in the myelin sheath surrounding axons ( 42 ) . Accumulation of sulfatides, due to a defi ciency in ASA or its coenzyme (i.e., Sap B) in lysosomes, is responsible for metachromatic leukodystrophy ( 46, 47 ) . Previously, MDMS-SL analysis also revealed sulfatide accumulation in the brain of subjects with Parkinson's disease ( 17 ) . Mice defi cient in cerebroside and sulfatide resulting from A schematic diagram of the metabolism pathway of apoEassociated lipoproteins that mediate sulfatide transport and homeostasis. In this model, apoE expression and secretion are mediated by LXR/RXR heterodimers; apoE-associated lipoprotein particles are lipidated through ABCA1-mediated lipid translocation and released from astrocytes, whereas cross-talk between PPARs and LXR/RXR heterodimers mediates the homeostasis of those lipids as well as the expression of apoE. The released apoEassociated lipoprotein particles likely acquire sulfatides from myelin sheath through MAL, the levels of which are mediated by PGC-1 ␣ . The sulfatide-containing, apoE-associated lipoproteins can then be either metabolized through the endocytotic pathway via the LDL receptor superfamily [e.g., LDL receptor-related protein (LRP)] or transported to cerebrospinal fl uid. This diagram has been modifi ed from previously published ones ( 20, 38 ) based on the observations uncovered in the current study.
Chronic CR leads to downregulation and/or fi ne modulation of this process ( 61 ) . These results are consistent with our current fi ndings and can be readily integrated into our previously uncovered sulfatide metabolism pathway ( Fig. 7 ).
In the current study, we exploited our MDMS-SL technology platform to perform a global analysis of the lipidome in brain cortices of PGC-1 ␣ Ϫ / Ϫ mice either fed a standard diet ad libitum or subjected to chronic CR. Shotgun lipidomics revealed that signifi cant and specifi c sulfatide depletion exists in PGC-1 ␣ Ϫ / Ϫ mouse cortex compared with that of its WT littermates and that chronic CR leads to restoration of the reduced sulfatide mass content in PGC-1 ␣ Ϫ / Ϫ mice. Further studies uncovered and differentiated the biochemical mechanisms underpinning the two conditions of altered sulfatide homeostasis. The former is modulated through a PGC-1 ␣ -MAL pathway, whereas the latter is under the control of LXR/RXR-apoE metabolism pathway ( Fig. 7 ) . We believe that uncovering these mechanisms are important in understanding the role of PGC-1 ␣ in neurological functions and in therapeutic treatment of defi cient PGC-1 ␣ -induced alterations in sulfatide homeostasis.
